Self-propelled chemically-powered plant-tissue biomotors by Gu, Yonge et al.
This journal is c The Royal Society of Chemistry 2013 Chem. Commun., 2013, 49, 7307--7309 7307
Cite this: Chem. Commun.,2013,
49, 7307
Self-propelled chemically-powered plant-tissue
biomotors†
Yonge Gu,ab Sirilak Sattayasamitsathit,a Kevin Kaufmann,a Rafael Vazquez-Duhalt,a
Wei Gao,a Chunming Wangb and Joseph Wang*a
Self-propelled biocatalytic motors based on plant tissues are described.
The tissuemotors rely on their rich catalase activity towards biocatalytic
decomposition of the H2O2 fuel and generation of the bubble thrust.
These biomotors obviate the need for pure enzymes, and oﬀer a
remarkably low cost, good lifetime and thermostability.
Recently, locomotion of small scale objects through fluid environments
has received considerable interest.1,2 Major eﬀorts have thus been
devoted to the development of eﬃcient microscale synthetic motors
propelled by diﬀerent mechanisms.3 Most of this activity has been
focused on chemically-poweredmicromotors based on the decomposi-
tion of theH2O2 fuel.
1,3c,4 Particular attention has been given to bubble-
propelled tubular microengines, based on inner metal catalytic (Pt) or
biocatalytic (catalase) layers, owing to their eﬃcient propulsion in
various real-life media.3c,5 Biocatalytic layers, based on immobilized
catalase, represent an attractive alternative to catalytic Ptmetal layers for
propelling such chemically-powered microengines.6,7 The propulsion
mechanism relies on the enzymatic breakdownof theH2O2 fuel intoO2
microbubbles ejected from one opening of the microtube.
We demonstrate here the first example of autonomous propul-
sion of chemically-propelled natural plant-tissue motors. The use of
raw plant tissues as biocatalytic layers instead of isolated enzymes is
very attractive because of their high level of enzymatic activity, high
thermal stability (associated with confinement of the enzyme in its
natural environment), and extremely low costs.8 Such advantages
have been illustrated earlier in connection with a variety of
biocatalytic sensors and biofuel cells.8–11
A variety of plant tissues rely on their high catalase contents for
their antioxidant protection.12,13 Catalase, which catalyzes the
decomposition of H2O2 to water and O2, is an essential part of
biological protection systems, used for preventing oxidative
damage by scavenging or quenching reactive O2 species (ROS)
and free radicals.14 The importance of catalase as a major ROS
scavenger is evident from its presence in all aerobic organisms and
many anaerobic organisms.15 Each catalase is functionally
conserved between diﬀerent plants, and its activity varies
according to the specific plant tissue.13
The new concept of autonomously moving small-scale
motors is illustrated below in connection with self-propelled
small-scale potato-, carrot-rods and millet particles (Fig. 1). It is
well established that potato tubers display high catalase activity
which varies according to the cultivar, with the Monona and
Norchip cultivars showing the highest activity (approaching
70 U g1 of fresh tissue).16,17 The reported specific activity of
purified potato catalase is around 3000 U mg1 protein,18
which is similar to the activity of commercial catalase from
a bovine liver (Sigma-Aldrich, 2000–5000 U mg1 protein).
Similar to potatoes, carrots and yellow millets also display good
catalase activity but to a lesser extent.19,20 The successful use of
plant tissues as self-propelled biocatalytic motors requires
knowledge of the spatial distribution of catalase activity within
the plant. Catalase is commonly non-uniformly expressed
throughout the structure of plant tissues. For example, the
highest catalase activity within the potato tuber is found in the
extremities (‘‘heel and rose ends’’) of the body.17 Other plant
tissues, examined in this study, display a similar heterogeneity
of their catalase activity.
Fig. 1 Tissue-induced bubble generation (A) and bubble propulsion (B) using
potato tubers (a), carrot roots (b) and millet seeds (c). Images were taken after
immersing the tissue rods in 10% H2O2 for 3 s (ESI,† video S1); in (B), the potato
and carrot rods were coated with epoxy and chitosan, respectively, while the
millet seeds were sputtered with Ti.
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Self-propulsion of small-scale plant tissue rods has been realized in
the present study by imparting the asymmetry necessary for generating
the bubble thrust via a partial inert coating. The ‘capped’ Janus-type
millimeter-sized cylindrical tissue materials thus utilize their intrinsic
natural catalase activity and the resulting bubble thrust for generating
an eﬀective autonomous movement. Such natural tissue biomotors
obviate the need for immobilizing pure enzymes, and oﬀer high speed,
good operational stability and thermal stability (at elevated tempera-
tures, e.g., 50 1C), and remarkably low costs. These advantages will be
illustrated in the following sections.
Scheme 1 displays the schematic illustration of the new self-
propelled plant-tissuemotors. The plant tissues selected for this study
were potato tubers, carrot roots and millet seeds, owing to their rich
catalase activity. Plant tissues (potato and carrot) were initially cut into
thin 2D cross-sectional pieces with a 2 mm thickness. A 1 mm
diameter puncher was subsequently used to create small cylindrical
shaped sections (2  1 mm) of the tissue materials. Directional self-
propulsion of these tissue milli-motors was induced by covering one
end of the tissue with an inert coating to create an asymmetric
biocatalytic structure essential for generating the bubble propulsion
thrust. Initial studies examined the catalase activity of uncoated plant
tissue rods and particles. As illustrated in Fig. 1A (ESI,† video S1),
immersion of the diﬀerent tissues in a H2O2 solution resulted in an
eﬃcient generation of O2 bubbles (particularly using potatoes and
carrots; a and b), reflecting the very high rate of the H2O2 decom-
position to water and O2 (i.e., catalase activity). Since the bubbles were
generated from all directions, in a nearly uniform fashion, no net
displacement of the uncoated tissue rods was observed. In contrast,
eﬃcient directional movement was observed upon ‘capping’ one end
of these tissue cylinders with an inert material (Fig. 1B and ESI,†
video S1). Such movement resulted from asymmetric bubble
propulsion. Note that the relative speed of these tissue motors
(potatoes > carrots > millets) reflects the rate of the bubble
generation (see Fig. 1A for the uncoated rods). Such diﬀerences
in the bubble generation are expected on the basis of the
diﬀerent natural catalase activity of these diﬀerent plants.16–20
The O2 bubble generation depends strongly upon the concen-
tration of H2O2. For example, as illustrated in ESI,† Fig. S1A (video S2),
the intensity of the O2-bubble generation increased rapidly with the
H2O2 concentration, reaching a maximal generation at 10% H2O2.
The bubble generation rate increased rapidly with the immersion
time up to 20 s, and subsequently remained nearly constant during
the first minute (ESI,† Fig. S1B). The catalase activity of the corre-
sponding tissue materials was estimated by measuring nanometri-
cally the quantity of O2 generated from the corresponding small tissue
rods in a sealed bottle with diﬀerent H2O2 concentrations (over a
1min period). Probing the O2 generation rate is the primary approach
for assessing the catalase activity of plant tissues,21 and it commonly
reflected the bubble production and propulsion capability of the
tissue motors. The eﬀect of the H2O2 concentration on the intensity
of the O2 generation was thus evaluated. As illustrated in ESI,† Fig. S2
all tissuemotors displayed the highest catalase activity in a 10%H2O2
solution, with specific activities of 1.00, 0.68, and 0.19 U permotor for
the carrot, potato and millet tissues, respectively. These values are in
general agreement with the findings of Dekock et al.17 Note that the
catalase activity of the carrot and potato tissues started to decrease in
the solutions with the above 10% H2O2, reflecting the substrate
inhibition of the catalase.22 The catalase activity of millet seeds was
less aﬀected by the H2O2 concentration, although higher H2O2
concentrations resulted in a slightly lower catalase activity.
As discussed earlier, the O2 generation rate and hence the motor
speed are strongly influenced by the concentration of the H2O2 fuel.
Fig. 2 and ESI,† video S4, illustrate that the speed of the potato
motor increased rapidly from 2.18 to 3.60 and 5.91 mm s1 using 1,
10 and 30% H2O2 solutions, respectively, reflecting the faster
decomposition rate of H2O2. The faster speed corresponds to about
3 body lengths per s. The biomotor speed is expected to depend on
the catalase activity of the tissue. However, the motor speed in 30%
H2O2 is higher than in the 10%H2O2 solution. Such behavior can be
attributed to the strong initial reaction intensity upon immersing the
motor in the H2O2 solution that produces a largemomentum for the
movement and high speed. However, such initial motor speed is
hindered subsequently by the irreversible inactivation of catalase in
the presence of elevated H2O2 concentrations.
22
Diﬀerent coating materials, such as Nafion, chitosans, epoxy
resins, or nail lacquers, were investigated for imparting the necessary
asymmetry (Fig. S3 and video S3, ESI†). All coating materials led to
eﬃcient propulsion of the corresponding tissuemotor. Potatomotors,
partially coated with an epoxy resin, displayed the most favorable
directional movement (A) with the highest speed of 3.60 mm s1 in
10% H2O2. Carrot motors, in contrast, showed their faster movement
(of 0.63mms1) upon coatingwith chitosan. Themotor speed should
be closely correlated with the catalase activity of the plant tissue;
nevertheless, other factors such as the motor weight (tissue density)
and size of the bubbles produced play an important role, as illustrated
in ESI,† video S1. Accordingly, despite the higher carrot catalase
activity (ESI,† Fig. S2), the carrot rod moved slower than the potato
one, reflecting the smaller size of its O2 bubbles and its heavier weight
with the same dimensions (1.78 mg vs. 1.50 mg), which led to an
inferior momentum. Ti-sputtered Janus millet motors showed a slow
speed of 0.35 mm s1, reflecting the low catalase activity (0.19 U per
motor in 10% H2O2) and heavy weight (B2 mg) of millet seeds.
Scheme 1 Schematic illustration of the self-propelled plant-tissue based Janus-
type motors.
Fig. 2 Influence of the H2O2 concentration on the speed of potato motors.
(A) 1%, (B) 10% and (C) 30%. Images were taken from ESI,† video S4, after a 4 s
exposure to H2O2 solution. Potato rods partially coated with an epoxy resin.
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The eﬀect of the temperature on the propulsion of tissue motors
was also examined (Fig. 3 and ESI,† video S5). Potato motors were
thus evaluated at 4, 25, and 50 1C and displayed speeds of 0.95, 3.60,
and 5.12 mm s1, respectively. Such increased speeds reflect the
thermal activation of the tissue biocatalytic reaction of the H2O2 fuel.
The potato motors continued to move for about 2 min in the
solution at 50 1C (not shown). The high thermal stability of potato
catalase23 holds considerable promise for enhancing the storage
stability of the tissue motors at elevated temperatures. The thermal
stability was evaluated by incubating the potato rods in a water bath
at 50 1C for diﬀerent periods. Despite the elevated storage tempera-
tures, the potato rods displayed O2 bubble generation following the
diﬀerent incubation times (Fig. S4A and B: ESI,† video S6). While
such bubble generation is weaker compared to that observed with
the untreated potato tissues (ESI,† Fig. S4C), significant O2 produc-
tion is observed even after a 20 min incubation at 50 1C (C). In
contrast, potato motors incubated at 60 1C for 5min displayed rapid
inactivation, as indicated from the small amount of observed
bubbles (not shown). Storage of potato tubers at low temperatures
(i.e. 4 1C) is expected to sustain and even increase the catalase
activity;24 this represents an advantage, particularly for the long-term
storage of plant motors for subsequent use.
The lifetime and speed of the epoxy-resin coated potato
motors were examined in 1% and 10% H2O2 solutions at room
temperature and 50 1C. All tissue motors displayed lifetimes
approaching 2 min. A gradual decrease in the speed was observed
with the time; such speed diminution depended on the H2O2
concentration and temperature. Overall, the tissue-based motors
display good operational stability at elevated temperatures as well as
high thermal (storage) stability, which represent distinct advantages
over biocatalytic micromotors based on pure catalase.
Tissue-based motors are inexpensive to prepare compared to
biocatalytic motors based on immobilized purified enzymes.
Since a single potato motor corresponds to a tissue weight of
ca. 1.5 mg, over 500000 motors can be prepared for only $1
(considering the $1.3 per kg current US cost of potato). The plant
tissuemotors can also bemass produced by employing an automated
piston-like puncher array device to extend the tissue extrusion.
In summary, we have demonstrated the first example of
chemically-propelled plant tissue based biomotors. Unlike the
motors commonly occurring in nature (protein) that have served
as inspiration for the development of synthetic nanomachines,3b
the new natural (tissue) biomotors are actually being inspired by
chemically-powered artificial micromotors.2,3 The autonomous
movement of tissue milli-scale rods is driven by their biocatalytic
conversion of chemical energy to mechanical energy. These
tissue biomotors represent an attractive alternative to the isolated
enzymes for propelling small-scale vehicles for diverse applica-
tions, in view of their facile low-cost preparation, good speed and
operational stability and biocompatibility.
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